Background
Introduction
During pregnancy, the cardiovascular and other physiologic systems develop certain adaptive changes. The marked increase in volume load and metabolism in the third trimester worsens the potential for heart disease [1] . Many studies have demonstrated changes in left ventricular (LV) function during pregnancy, especially diastolic function [2, 3] . Although we know that left atrial (LA) structural and functional remodeling is a barometer of LV diastolic dysfunction, few studies have revealed the changes in the LA [4] . Some studies only focused on LA ejection fraction (LAEF) [5] .
The LA serves multiple functions, acting as: 1) a reservoir during LV systole; 2) a conduit for blood transit from the pulmonary veins to the LV during early diastole; 3) a booster pump (active contractile chamber) that augments LV filling in late diastole [6] . Also, LA function is an important predictor of multiple adverse cardiovascular events, including death [7] . LA function can be obtained and expressed as LA volume, or global longitudinal strain and strain rate [8] . None of these three functions of the LA, or changes in LA strain and strain rate during normal pregnancy have been revealed in former studies.
Two-dimensional speckle tracking echocardiography (2DSTE) is a new technology to evaluate LA function using strain and strain rate in normal subjects [9] . Thus, we aimed to evaluate the changes in LA function during pregnancy using conventional echocardiography and 2DSTE.
Materials and Methods Objective
Between February 2012 and October 2014, 50 gravid patients with an average gestational age of 35.8 (range 34-39) weeks were enrolled in this study based at Shengjing Hospital of China Medical University, and were followed up postpartum in sixth-month. The control group consisted of nulliparous women, matched for age and body size from the medical examination center. All subjects were healthy, yellow race Asians. Exclusion criteria were as follows: diabetes, hypertension, cardiovascular disease and multifetal gestation.
Ethics
The China Medical University Ethics Committee approved this study. Written informed consent was obtained from all participants.
Echocardiography Evaluation
Echocardiographic evaluation was performed in the left lateral position using a Vivid 7 (GE Healthcare, USA) and a 1.5/5 MHz phased array probe with a frame rate of 60-90 fps. All images and measurements were obtained from standard views according to the recommendations of the American Society of Echocardiography for chamber quantification [10] . All images were digitally stored and analyzed offline using customized software (EchoPAC, GE Healthcare).
The Tissue Doppler imaging indices peak velocity of early (E´) and late (A´) diastolic filling were measured at the level of the mitral septal annulus and lateral annulus on the apical fourchamber view.
Conventional echocardiography parameters of LA function
The LA anteroposterior dimension (LAAD) was obtained in the parasternal long-axis view. In accordance with previous study [11] , the following parameters were obtained using the biplane modified Simpson's method: 1) LA maximum volume (LAVmax), obtained from an end-systolic frame just before mitral valve opening; 2) LA minimum volume (LAVmin), obtained from an end-diastolic frame just before mitral valve closure; and 3) LA preatrial contraction volume (LAVpre-a), obtained from the last frame just before mitral valve reopening as the result of LA contraction. Each of these parameters was corrected by body surface area (BSA).
LA reservoir function was assessed by: 1) LA filling volume, calculated as LAVmax-LAVmin; 2) LA expansion index, calculated as (LAVmax-LAVmin) / LAVmin×100; and 3) LA diastolic emptying index, calculated as (LAVmax-LAVmin) / LAVmax×100, just as same as LA ejection fraction (LAEF).
LA conduct function was assessed by: 1) passive atrial stroke volume, calculated as LAVmax -LAVpre-a; 2) passive emptying index, calculated as (LAVmax-LAVpre-a) / LAVmax×100; and 3) LA conduit volume, calculated as the difference between SV and LA filling volume.
LA booster pump function was assessed by: 1) active atrial stroke volume, calculated as LAVpre-a-LAVmin; and 2) active emptying index, calculated as (LAVpre-a-LAVmin) / LAVpre-a×100.
Strain and strain rate of LA using 2DSTE
Strain and strain rate of LA were analyzed by two-dimensional speckle tracking software (EchoPAC, GE Healthcare). One cardiac cycle was analyzed between two contiguous R-waves of the ECG in the apical four-chamber view. The endocardial boundary of the LA was delineated manually; the software automatically drew the epicardial boundary. The width of the region of interest was manually adjusted when necessary. The software automatically divided the LA wall into 6 segments, then generated curves of global longitudinal strain and strain rate of LA. The peak of systolic strain (SS), systolic strain rate (s-SR), early diastolic strain rate (e-SR), and late diastolic strain rate (a-SR) were obtained from curves in different phases (Fig 1) .
Statistical analysis
All parameters are expressed as the mean ± standard deviation. The unpaired t-test was performed between the control group and two others. The paired t-test was performed between the pregnant and postpartum groups. Pearson correlation analysis was performed. The twotailed P<0.05 was used to define statistical significance. Statistical analysis was performed using SPSS version 17.0 software.
Reproducibility
Intraobserver and interobserver variability were assessed on separate occasions, using new arbitrary images for SS, s-SR, e-SR and a-SR, blinded to the previous results. Ten subjects were randomly selected from each group for the analyses. For the interobserver variability assessment, the first observer performed the analyses. Second observer repeated the analyses within 24 hours. For assessment of the intra-observer variability the analyses were repeated twice by the first observer within 1 week. Results were analyzed using coefficient of variation where differences between measurements were expressed as the ratio of the standard deviation to the means and multiplied by 100.
Results

Characterization of study population
The clinical features of different groups were presented (Table 1) . No one was lost to follow-up. There were no significant differences in age, height, systolic, and diastolic blood pressure between groups. Heart rate, weight, and BSA of pregnant women increased statistically during pregnancy, and recovered after pregnancy. decreased during the third trimester. There was no significant difference between the control and postpartum groups ( Table 2) .
Conventional echocardiography parameters of LA function
Comparing the control and pregnant groups, LAAD, LAVmax, LAVmax/BSA, LAVpre-a, LAVpre-a/BSA, and LAVmin were increased in pregnant patients, although LAVmin/BSA did not significantly change. LA reservoir function, which was assessed by LA filling volume, LA expansion index, and LAEF, increased during pregnancy. LA conduct function, which was assessed by passive atrial stroke volume, passive emptying index, and LA conduit volume, decreased during pregnancy. LA booster pump function, which was assessed by active atrial stroke volume and active emptying index, increased during pregnancy. Changed parameters recovered to their normal values postpartum (Table 3) .
SS, s-SR and absolute value of a-SR increased during pregnancy, opposite to the absolute value of e-SR (Table 4 ). There was no significant difference between postpartum and control groups. 
Reproducibility
The confidence intervals and percent change in mean for interobserver and intraobserver variability for SS, s-SR, e-SR and a-SR are shown (Table 5 ).
Discussion
The major findings in this study were as follows: 1) the relationship of time was revealed in LA strain, LA strain rate, mitral wave, LA volume, and ECG parameters (Fig 2) ; 2) changes of LA function in each group were reliably assessed using LA strain and strain rate, which could be obtained by 2DSTE; 3) the second finding was confirmed using conventional echocardiography. During pregnancy, enlargement of the LV satisfied physiological needs. The increase in CO was caused by increasing HR and SV, although EF did not change. We also found that E wave and E/A decreased, whereas the A wave remained unchanged. Similar results have been previously reported [12] .
LA reservoir function
LA reservoir function is defined based upon LA as a chamber to reserve blood return from the pulmonary vein and to store energy in the form of pressure during LV systole. This function of the left atrium is an important factor influencing cardiac output [13] . LA reservoir function is determined by LA myocardial contraction and relaxation and mitral annulus displacement during left ventricular contraction [6] . LA reservoir function can be represented by LA filling volume, LA expansion index, LAEF, SS, and s-SR [14] . In this study, we found that LA filling volume, LA expansion index, and LAEF positively correlated with SS and s-SR. Both groups of parameters were increased, which doubly confirmed that LA reservoir function was increased. The increase may be because: Both the decrease in LV compliance and increasing heart rate had a negative influence on LA emptying. LA began to adaptively enlarge to maintain adequate LV filling and satisfy increasing cardiac output [15] . LA booster pump function LA booster pump function is primarily as the active pump to maintain LV filling during LA systole. LA booster pump function is dependent not only on preload stretch (LAVpre-a) but also on afterload which is represented by LV end-diastolic pressure [18, 19] . LA booster pump function can be represented by active atrial stroke volume, active emptying index, and absolute value of a-SR [14] . First, we found that all of these parameters were increased. This could confirm that LA booster pump function is enhanced. This increase may be because, according to the Frank-Starling mechanism, enhancement of LA contractility is a response to increasing of LA preload [20] , and is still in a compensatory state during normal pregnancy. Second, we also found that the absolute value of a-SR positively correlated with the A wave. A previous study found that the A wave increased only in the first two trimesters and returned to normal in the third trimester [12] . Compared with the A wave, the absolute value of a-SR may be a more sensitive parameter to assess LA booster pump function. Lastly, we found no connection between active atrial stroke volume, active emptying index, and absolute value of a-SR in this study. This requires further research.
After delivery, LA function in pregnancy returned to normal. This suggests that changes during pregnancy are reversible.
2DSTE
After assessing for reproducibility, we found that 2DSTE is a repeatable assessment of LA function. 2DSTE overcomes the shortcomings of tissue Doppler imaging. LA Strain and strain rate, which were obtained by 2DSTE, may be more sensitive than pulse wave Doppler of mitral valve during pregnancy.
Limitations
Several limitations in this study should be addressed. First, the LA is farther from the transducer in the apical views, and the LA myocardium is thinner than the LV myocardium. These have a negative impact on the acquisition of high-quality 2D images and tracking the speckle. Second, we did not research LA function in pregnant women during the first and second trimesters due to the influence of the insurance policy. This will be the primary aim of future studies. Third, LA pressure, pulmonary arterial pressure, and their relationship with LA function were not assessed, which may explain the palpitations, chest pressure, and dyspnea. Last, only Asian population enrolled in this study which had a small sample size.
Conclusions
We demonstrated that the reservoir and booster pump functions of the LA increased, and conduit function decreased during pregnancy. The changes seen during pregnancy were reversible. 2DSTE correlates well with the conventional method in assessment of LA function, and can been easily and repeatedly applied in the clinical setting.
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